Abstract. Development of electric drive tends to the use of Switched Reluctance Motor (SRM) for their advantages and green technology issues. The SRM takes significant place in development for its simplicity, robust construction, and low cost. Sensorless method can be applied to drive SRM, it is less expansive but has more complexity and limitation. On the other hand, although sensor-based rotor position detection needs a hardware assembled on the shaft, some advantages can be obtained. In this paper, a control strategy for SRM drive with rotary encoder based rotor position detection is proposed, core of the strategy implements digital signal controller. The problem associated with wide range speed and standstill operation can be overcome by this strategy. This is also capable to vary the time to turn the switches on and off by software. The analysis was verified by simulations and experiments.
Introduction
Electric drives take significant role in industry applications. They formerly use DC motors and AC induction motors. Due to the rapid progress of the power electronics and digital control developments, BLDC and SRM types of motors begin to take parts in electric drive. Green technology issues have been triggering the developments of Electric Vehicles (EV) and Hybrid Electric Vehicles (HEV) [1] and [2] . Although the torque generated by SRM is smaller than BLDC, SRM is more interesting due to its simplicity, robustness, and low cost although it has complexities. A rotor position information is required by SRM drive to provide sequence pulses that are properly synchronized with the rotor position to achieve the required speed. In a sensor-based SRM control, rotor position detectors are commonly implemented by using Hall Effect or any other sensors. For the outputs of such sensors are time interval sectors, so it is difficult to adjust the instant time to turn on and off the switches.
In sensorless concept, no hardware is required to detect the rotor position. Some problems arise in applying this pattern so there are some limitations in such sensorless control at standstill, low and high speeds [3] . A sensorless method can use measurement of the mutually induced voltage in an inactive phase [4] , derivative of the phase current [5] , flux-current approach as the integration of voltage and current [6] , etc.
In sensor concepts, by using Giant Magneto Resistive (GMR) sensor embedded in the air gap of the motor, the rotor position can be estimated [7] . Two SRM can be connected on the same shaft, one is operated as a motor and the other as a rotor position detector that is called Switched Reluctance Position (SRP) sensor [8] . SRM can also be operated to mimic an inductive rotor position sensor by injecting high frequency signal. This motor will act as a position sensor due to its unsaturated phase inductance [9] . A non-contact optical sensor can also be used to detect the relative position between rotor and stator at high speed [10] . Commonly, the direct rotor detections at high speed result in fluctuation in switching angles, analogue encoder can be used to synchronize the stator phase excitation and the rotor position of SRM [11] .
The performance of SRM is influenced by the average torque generated, the better performance can be obtained under larger positive torque and smaller negative torque. The instant time when the switches are turned on and off will determine the motor performance. In this paper, a control strategy for SRM using rotary encoder based rotor position detection is proposed. The proposed strategy is capable to change the points when the static switches are on and off by software. This can provide proper excitation to the stator winding so the higher average value of the torque can be generated. To verify the analysis, simulations and experiments were carried out.
Switched Reluctance Motor
A Switched Reluctance Motor (SRM) has very simple construction with no permanent magnet on its rotor and has simple phase winding on its stator. An equivalent circuit of SRM is shown in Fig. 1 . To simplify the analysis, effects caused by saturation, fringing and leakage fluxs, and mutual inductance are neglected so we obtain [12] :
where R, i, e, θ and λ are the phase resistance, phase current, back EMF, rotor position and linkage flux. To have the power quantity, Eq. (1) must be multiplied by the current.
The left-hand side term of the equation indicates the power supplied from the source while the first term of right-hand side is the ohmic dissipation and the second term of right-hand side is the sum of the mechanical power (W m ) as the output and the stored magnetic energy (W f ). For the power is the rate of change of energy, then:
If the relationship between the mechanical power (P m ) and torque (T ) is defined as:
then
By using energy-coenergy concept as depicted in Fig. 2 , the stored field energy (W f ) and coenergy (W c ) can be written as the following:
The area of the sum of the energy and coenergy can be declared by
by differentiating Eq. 
and
Assuming the current is constant,
and finally the torque equation can be calculated as
Converter Topology
A SRM with three phase stator winding and four pole rotor (6/4 SRM) requires three phase converter to generate sequential voltage waveforms to drive. Some converter topologies can be used as an electric drive. In this paper, (n + 1) topology is used as a power circuit. For three phase application, this topology consists of four static switches and four diodes (Fig. 3) . Three mode of operation can be implemented to operate this converter. Energizing the SRM phase stator winding can be done by switching on the upper side switch (Q4) and one of the lower side switches (magnetizing mode). This will make the phase current increase, when the slope of the inductance profile of the appropriate phase stator is positive then the positive torque is developed (Fig. 4(a) ). To turn off the current flowing in the active phase winding, two modes of operation can be used. The first mode is called demagnetizing, this make the opposite polarity of the source connected to the stator winding then the current will go down fast (Fig. 4(b) ). The second mode is freewheeling that make the phase stator winding short circuit then the current goes down slowly (Fig. 5 ).
The Proposed Control Strategy
The proposed system consists of 6/4 SRM with rotary encoder as the detector for rotor position, a converter which is configured as the (n + 1) type and a digital control as depicted in For the SRM has four pole rotor, it means that every unaligned position is displaced by 90 degree (mechanical degree) and represents 500 pulses of rotary encoder. If the rotor runs one rotation, there will be an inductance profile of the phase stator that repeats four times. It results in the 30 degree displacement angle between two adjacent phase winding inductance profile (Fig. 8 ).
La
Lb Lc If it is assumed that minimum inductance equals θ min , the voltage must be applied to energize the phase-A winding at angle θ on (turn on angle) and switched off at turn off angle θ off where
Using a rotary encoder as a rotor position detector in SRM makes the relationship between the inductance profile and the number of pulses more important. The number of pulses generated by the rotary encoder associated with the maximum inductance profile can be derived as:
where A max , B max and C max are the number of the pulses generated by the rotary encoder at maximum inductance of the stator winding-A, stator winding-B and stator winding-C. In the operation of the SRM, changing θ on and θ off can be used to improve the performance of the motor due to Eq. (11).
Basically, to have high average value of the torque generated by the SRM, higher current should be given in the phase winding when its inductance profile slope is positive. Unfortunately due to characteristic of inductive circuit, the current is delayed to flow. Energizing the phase winding at the earlier instant time is very important to overcome the delay problem. The position of θ on will determine the motor performance. When θ on is too closer to 0
• , there is a time interval when the current flow under zero inductance profile slope. This means the SRM absorbs the power from the source with no torque generated. But if θ on is near the point(θ min /2), then a the inductance profile starts to increase without adequate current value. The torque generated by the SRM under this condition may not be large enough. Different impacts arise on the placement of θ off , when the switching off occurs at or greater than 45
• the current remain to flow under the negative slope of the inductance profile. This results in negative torque produced then the average value of the torque will be low.
In designing the control strategy, the above analysis must be taken as the technical considerations. The control strategy is also capable to set the position of θ on and θ off to produce higher average torque. By using rotary encoder, the position of the SRM rotor can be mapped into the number of pulses generated. For rotary encoder has some outputs that represent the number pulses generated (pin A) and indicate pulses every revolution (pin Z). The Digital Signal Controller (DSC) can be implemented as the core of the control strategy. We know that the pulses generated by the rotary encoder are free running pulses so tagging the pulse as the initial position reference is required. Due to this problem, the control strategy to drive SRM is divided into two stages. The first stage is addressed to find the initial position reference by using sequence excitation given to the SRM stator windings. The rotor will start to move until the position reference obtained and then it automatically changes into the second stage that is functionalized to drive the motor.
In the first stage, the SRM is driven like a stepping motor for a moment until the pulse from pin Z of rotary encoder that connected to INT2 is generated to set the variable m that indicates that the origin pulse of pin A is started to count and is marked by the increment value of p (a variable that counts the pulses in every step in a revolution). To control the time when the switches go to on and off states by software, parameters x and y in Fig. 11 and Fig. 12 vary.
Results and Discussion
To validate the above analysis, computer simulations and experiments were carried out. The (n + 1) converter was used in the works as the power circuit (depicted in Fig. 6 ). By using PSIM, simulation were performed with parameters described in Tab. 1.
The SRM speed, phase current, phase voltage and inductance profile are investigated in the simulations to prove that the control strategy is capable to change the value of the θ on and θ off . This can affect the SRM performance especially the developed torque. Under the same load connected to the SRM, the higher torque causes higher value of the motor speed. Operating under θ on = 0
• and θ off = 45
• causes that the current flowing in the stator winding has high value at the time when the inductance profile begins to rise (Fig. 13 ). But the current is still high under negative slope of the inductance profile so the average torque is not large and finally results in low speed (Fig. 14) .
Finally, a prototype was designed to verify the proposed control strategy (Fig. 23) . The 2000 PPR (pulse per revolution) rotary encoder is used to detect the rotor position. The core of the controller implements the 16 bit digital signal controller (dsPIC30F4012). The output pins A and Z of the rotary encoder are connected to INT1 and INT2 pins of the dsPIC to inform the pulses generated and the reset pulse every revolution. Parameters for this work are presented in Tab. 1. Tests of SRM with converter operated in magnetizing and freewheeling modes are depicted in Fig. 24 and Fig. 25 .
Those experimental results show that the currents flowing in the stator winding tend to decrease slowly because the voltage applied on this winding is zero (freewheeling mode).
Experimental work using on equivalent to 1 pulse number (θ on = 0
• ) and θ off equivalent to 400 pulse number (θ off = 360
• ) rotate the motor on the speed 4285 RPM as shown in Fig. 24 . If the off enlarges to 500 pulse number, the lower speed is obtained (2857 RPM) as depicted in Fig. 25 . Using the last parameter but the converter operated under magnetizing and demagnetizing modes results in higher speed (3864 RPM). Under this condition, the current flowing in the stator winding is drastically reduced because the voltage applied on the stator winding has negative polarity (Fig. 26) .
Due to Eq. (4), under constant torque, the output power is proportional to the rotor speed. The proper θ on and θ off will result in higher speed and higher output power because the negative torque can be minimized, thus the efficiency is improved.
Adjusting the θ on and θ off by software changes the motor speed, this means that the proposed control method is effective in driving the SRM. It can be done by entering the value of x and y (Fig. 10 ) that represent the value of θ on and θ off . 
Conclusion
The control strategy to drive the SRM motor using rotary encoder as the rotor position detection has been presented in this paper. The strategy consists of two stages, the first stage is used to search the initial pulse number as the reference and the second stage is the main control to drive the SRM. The proposed control strategy is capable to tune the angle of turning on and turning off the switches by software so the torque produced is better. Simulations and experiments were carried out to verify the analysis and these results can prove the effectiveness of the proposed control strategy.
